The dendrite of the sensory neuron is surrounded by support cells and is composed of two specialized compartments: the inner segment and the sensory cilium. How the sensory dendrite is formed and maintained is not well understood. Hook-related proteins (HkRP) like Girdin, DAPLE, and Gipie are actin-binding proteins, implicated in actin organization and in cell motility. Here, we show that the Drosophila melanogaster single member of the Hook-related protein family, Girdin, is essential for sensory dendrite formation and function. Mutations in girdin were identified during a screen for fly mutants with no mechanosensory function. Physiological, morphological, and ultra-structural studies of girdin mutant flies indicate that the mechanosensory neurons innervating external sensory organs (bristles) initially form a ciliated dendrite that degenerates shortly after, followed by the clustering of their cell bodies. Importantly, we observed that Girdin is expressed transiently during dendrite morphogenesis in three previously unidentified actin-based structures surrounding the inner segment tip and the sensory cilium. These actin structures are largely missing in girdin. Defects in cilia are observed in other sensory organs such as those mediating olfaction and taste, suggesting that Girdin has a general role in forming sensory dendrites in Drosophila. These suggest that Girdin functions temporarily within the sensory organ and that this function is essential for the formation of the sensory dendrites via actin structures.
Ciliated sensory neurons are specialized for the transmission of senses such as vision (cones and rods), smell, taste, and proprioception. The dendrite of many of these neurons is composed of two parts: the inner segment and the sensory cilium (KEIL 1997; SWAROOP et al. 2010) (Figure 1A) . The sensory cilium is composed of a connecting cilium, which is a specialized ciliary transition zone (MALICKI AND AVIDOR-REISS 2014), and an outer segment which houses the sensory transduction machinery . The main body of the dendrite, referred to as the inner segment, serves as a link between the neuronal cell body and the sensory cilium. Although the sensory cilium is responsible for the initial detection of a sensory stimulus, the inner segment is essential for the transmission of this signal to the neuronal cell body, as well as for the proper formation and positioning of the sensory ending. Another characteristic of ciliated sensory neurons is that the function and formation of their dendrite depends on their interactions with surrounding support cells (KEIL 1997; BONILHA 2014) . However, how the dendrites of ciliated sensory neurons form their morphology and how support cells function in the formation of the sensory dendrite is poorly understood in molecular terms.
Dysfunction or abnormal development of photoreceptor dendrites as well as their associated support cells is an underlying cause of photoreceptor degeneration and blindness (HONG et al. 2000) . Yet, little is known about the mechanisms underlying these pathological situations. Drosophila melanogaster sensory neurons are an attractive model for human photoreceptor degeneration for the following reasons. First, the sensory neurons in Drosophila that mediate proprioception, taste, and olfaction display similar architecture to human photoreceptors. They are bipolar, with an axon ending in a synaptic zone on one end and a single dendrite on the other end. In addition, the dendrites of these ciliated sensory neurons are comprised of an inner segment that terminates in a sensory cilium composed of a connecting cilium and an outer segment on the other end ( Figure 1A ) (THURM 1965; KERNAN et al. 1994; KEIL 1997) . Second, mutations affecting the connecting cilium, such as cep290 (DEN HOLLANDER et al. 2006; CIDECIYAN et al. 2007; BASIRI et al. 2014) , and sensory cilium, such as intraflagellar transport (IFT) proteins, have a similar effect in both human photoreceptor and Drosophila sensory function (AVIDOR-REISS et al. 2004; CROUSE et al. 2014) . Third, the connecting cilium of both Drosophila melanogaster mechanosensory neurons and human photoreceptors are uniquely long and serve as the connection between two bulky compartments; the inner and outer segments, which display much greater width and volume compared to the transition zone itself (MALICKI AND AVIDOR-REISS 2014). This is likely to impose unusual structural requirements. Finally, both the photoreceptor neurons and Drosophila sensory ciliated neurons are closely associated with support cells that are developed in close proximity.
In Drosophila, the most studied ciliated sensory neurons are those that function in mechanosensation. The cilium at the tip of a mechanosensory dendrite is formed using the typical protein machinery essential for ciliogenesis including centriolar, connecting cilium and IFT proteins (AVIDOR-REISS et al. 2004; MARTINEZ-CAMPOS et al. 2004; RODRIGUES-MARTINS et al. 2007; BLACHON et al. 2008; BLACHON et al. 2009; BASIRI et al. 2014) . The tip of the mechanosensory cilium associates with two cuticular structures: the bristle and the socket ( Figure 1A) , each of which is formed by a unique support cell. Also surrounding the tip of the cilium is an extracellular dendritic sheath formed by a third support cell, the sheath cell that surrounds the inner segment. This dendritic sheath mediates the connection of the sensory cilium tip to the bristle base, and since the sensory cilium tip is the point of physical contact that sensory neuron makes with a mechanical stimulus, the maintenance of this connection is critical (CHUNG et al. 2001) . Thus, disruption of any of components of the sensory apparatus, including those required to maintain the connection of the mechanosensory neuron to the bristle base, leads to a failure in sensing mechanical input and results in a characteristic behavioral phenotype known as unc-type uncoordination, which has been described in various ciliary mutants (KERNAN et al. 1994; AVIDOR-REISS et al. 2012 ).
In the human retina, the interactions between the dendrite of photoreceptor cells and the retinal pigment epithelium (RPE) are essential for vision. RPE cells are epithelial support cells that send an actin-based cellular extension that surrounds the photoreceptor outer segment. Similarly, in Drosophila mechanosensory organs, the sheath cell that originates from the epithelium surrounds the sensory dendrite, although it is not known if actin filaments have a specialized role in dendrite formation or function. A family of actin binding protein is the hook-related proteins (HkRP), which participate in diverse cellular processes and include one Drosophila member named Girdin (ANAI et al. 2005; ENOMOTO et al. 2005; LE-NICULESCU et al. 2005; SIMPSON et al. 2005) . The mammalian co-orthologs of Drosophila Girdin are HkRP1/Girdin (girders of actin filaments, also known as CCDC88A, APE, or GIV), HkRP2/DAPLE (also known as CCDC88C), and HkRP3/Gipie (also known as CCDC88B or FLJ00354) (SIMPSON et al. 2005; ENOMOTO et al. 2006) . However, whether hookrelated proteins have any role in the formation or function of sensory organs is not known.
Here, we report that Drosophila girdin mutants exhibit unc-type uncoordination, no mechanosensory function, sensory dendrite degeneration after their initial formation, and that Girdin is an essential component of actin structures that surrounds the tip of the sensory dendrite. This provides the first example of dendrite degeneration in ciliated sensory neurons in Drosophila and implicates Girdin in the formation of sensory dendrites. Since Drosophila mechanosensory neurons are similar structurally and functionally to human photoreceptor neurons, our finding suggests that Drosophila mechanosensory neurons can serve as a model for photoreceptor degeneration in humans.
Results
mecA mutant flies cannot walk and die shortly after leaving the pupa
In Drosophila, mutants with defects in ciliated mechanosensory neurons are severely uncoordinated due to a loss of propriosensation (KERNAN et al. 1994; AVIDOR-REISS et al. 2012) . As a result, they often fail to eclose from the pupal case, and if they do, fall into the culture media and die. Thus, we expected flies with defects in the formation of ciliated mechanosensory neurons to demonstrate an uncoordinated phenotype. As part of a screen for mechanosensory mutants (AVIDOR-REISS et al. 2004) , we screened mutagenized F3 lines for the presence of viable homozygous mutant pupae that failed to yield viable adult flies . These lines were named Potential Mechanosensory Mutants or PMM. Of the mutants identified, two (pmm20 and pmm101) did not complement and were therefore expected to belong to a single complementation group, designated as mechanosensory mutant A (mecA) (AVIDOR-REISS et al. 2001) . We named these alleles mecA 20 and mecA 101 .
To observe the behavioral phenotype of the adult mecA files, pupae were collected and allowed to eclose in a humidified petri dish. mecA 101 flies showed a severely uncoordinated phenotype typical of flies that completely lack functional mechanosensation such as unc, nompA, nompB, oseg1, oseg2, asl, sas-6, and sas-4 (reviewed in AVIDOR-REISS et al. 2012) . They were unable to stand on their legs, their legs were crossed, and their wings were held straight up ( Figure 1B) . mecA 20 flies displayed a milder uncoordination phenotype. Their wings were held up straight but they were able to stand on their legs and walk slowly ( Figure 1B ). This milder phenotype suggests that mecA 20 is a hypomorph. This behavioral phenotype is similar to that of nompC and nompH mutants that show a mild uncoordination phenotype WILLINGHAM AND KEIL 2004) .
mecA mutant flies have no mechanoreceptor current
Since the behavioral phenotype displayed by mecA mutants could result from disruption of any aspect of the mechanosensory organ, we sought to further characterize the defect. In mecA 101 , the bristle and socket of the mechanosensory organ appear normal, suggesting that the behavioral phenotype is not due to a defect in the mechanosensory support cells forming these structures. To test if mecA mutants are defective in the function of sensory neuron, we recorded mechanoreceptor currents (MRC) and transepithelial potentials (TEP) . The MRC measures the peak receptor current produced by the mechanosensory cilium in response to deflection of the bristle. TEP is the voltage difference between the sensory organ endolymph, which is produced by the socket support cell, and the fly hemolymph . Whereas mutations that affect the sensory neuron are expected to show a defective MRC, those that disrupt the socket support cells often abolish the TEP (BAROLO et al. 2000; WILLINGHAM AND KEIL 2004) . We recorded MRCs and TEPs from bristles in homozygote and hemizygote mecA 101 and found that they lack MRCs, but are able to maintain normal TEPs (Figure 1C-E) . The severity of the MRC is similar to that of asterless mecD , oseg2 mecE , and cep290 mecH , mutants that lack functional sensory cilia (AVIDOR-REISS et al. 2004; BLACHON et al. 2008; BASIRI et al. 2014) , suggesting that mecA 101 flies have severe defects in the function or formation of the mechanosensory neuron.
mecA mutant flies have abnormally short or missing sensory dendrites
To directly observe the morphology of the mechanosensory neurons in mecA flies, a Gal4-UAS driver was used to express GFP-tubulin under the control of a pan-neuronal promoter, allowing for the visualization of mechanosensory neurons (Lin and Goodman, 1994) . In this system, GFP-tubulin labels the sensory neuron cell body, axon and dendrite, and is enriched in the sensory cilium (AVIDOR-REISS et al. 2004) (Figure 1F) . We found that mechanosensory neurons of mecA 101 late pupae exhibit several phenotypes. First, 60% of the thoracic mechanosensory organs are missing their neurons (Figure 1F and G) . Of the remaining 40% of mechanosensory organs that have sensory neurons, 74% of these neurons have no dendrites and 24% have abnormally short dendrites that fail to innervate the bristle base (Figure 1F and H) . In addition, the cell bodies of those sensory neurons that lack dendrites are often clustered together ( Figure 1F) . The mechanosensory organ defects displayed by mecA 101 are more severe than those observed in mutations that specifically affect components of the sensory cilium; in such mutations the dendrite extends to the base of the socket and absence or clustering of neuronal cell bodies is not observed (AVIDOR-REISS et al. 2004; BLACHON et al. 2008; BASIRI et al. 2014) . However, the mecA phenotype resembles that of nompA, which also often fails to innervate the bristle base. Still, mechanosensory dendrites and cell bodies are not missing in nompA (CHUNG et al. 2001) .
We next examined the ultrastructure of mecA 101 sensory neurons by serial-section electron microscopy. From their distal tip, wild type sensory neurons contain a sensory cilium (outer segment), followed by a connecting cilium and two basal bodies (centrioles). These basal bodies exist at the distal end of the dendrite (inner segment) (KEIL 1997) . Within the specialized mechanosensory cilium, a rich array of tightly packed microtubules (tubular body) are surrounded by the plasma membrane and delimited by the dendritic sheath ( Figure 1I ). We examined serial sections from the bristle shaft to the dendrite of mecA 101 pupae and found that, unlike wild type, we were unable to identify any components of the sensory neuron at the base of the bristle. Furthermore, we observed that the dendritic sheath, which did not contain a sensory cilium with the tubular body, displayed dramatic defects ( Figure 1I ). This phenotype is distinct from that observed in centriole or cilium mutants, which have inner segments but fail to form the centrioles and the cilium (AVIDOR-REISS et al. 2004; BLACHON et al. 2008; BLACHON et al. 2009 ). The absence of the tubular body in mecA 101 is unlikely due to defects in tubular body formation itself since DCX-EMAP mutant flies that cause specific defects in tubular body formation show no other anatomical defects (BECHSTEDT et al. 2010) . This ultrastructural phenotype is consistent with our morphological studies using GFP-tubulin and indicates that the dendrite is absent or dramatically shortened in mecA 101 .
The mecA gene encodes Girdin
We used positional cloning to identify the underlying mutation in mecA. We found that mecA alleles fail to complement deficiencies Df(3L)HR370, Df(3L)M21, Df(3L)HR298, placing it at the center of the 63B segment (Figure 2A) . Male recombination and local p-element jumping experiments identified a mutant where the element duplicated to the N-terminus of the Girdin gene (Figure 2A ). Sequencing these genes found an independent nonsense mutation in mecA 101 and a missense mutation in mecA 20 ( Figure 2B ). The mecA 101 mutation changed the amino acid Glutamine (Q) at position 505 to an early stop codon resulting in premature termination of translation. The mecA 20 mutation changed Aspartic acid (D) to Valine (V) at position 839. Examining the alignment of the Girdin protein family in human, Caenorhabditis elegans, and Drosophila shows that the amino acids in these positions have a conserved charged residue (Aspartic acid, D; Glutamic acid, E; Arginine, R), suggesting that the amino acid change from charged to uncharged (Valine) is incompatible. The finding that mecA 101 produced a shorter protein compared to mecA 20 is consistent with the more severe behavioral phenotype in mecA 101 and suggests that the mecA 20 missense mutation produces a partially functioning protein.
Drosophila Girdin has five splicing isoforms Girdin-A, -B, -C, -D, and -E that share the first 1229 amino acids and have a distinct C-terminus (ST PIERRE et al. 2014) . Since in both mecA 101 and mecA 20 , mutations were introduced in a region that is common to all splice variants, both mecA alleles are expected to affect all Girdin isoforms. Both human and Drosophila Girdin have been reported to have N-termini that are similar to the microtubule-binding domain of the Hook protein, an extensive central coiled-coil domain that is conserved in family-HkRP, and more diverse C termini that specify the binding partners, such as actin (SIMPSON et al. 2005; ENOMOTO et al. 2006; PUSEENAM et al. 2009 ). The mutations in mecA 101 and mecA 20 are both found in the central coiled-coil domain.
To confirm that Girdin is responsible for the observed phenotypes, we generated a transgenic rescue construct that consists of the Girdin promoter and gene up to the stop codon of Girdin-A. To allow localization, we also fused a green fluorescent protein (GFP) at the C-terminus of Girdin-A in this rescue construct. Introducing the Girdin-GFP to the genetic background of mecA 101 mutant rescued the behavioral phenotype and generated viable flies, demonstrating that Girdin is responsible for the observed mechanosensory phenotype. This finding confirms that Girdin is essential for proprioception and indicates that Girdin-GFP is a functional reporter. We therefore renamed our mecA mutants girdin 101 and girdin 20 .
In girdin 101 mutant, the sensory dendrites initially form normally but later degenerate
To test if Girdin is essential for the initiation of dendrite formation or if it is instead important later in dendrite formation, we used GFP-tubulin to visualize the development of mechanosensory neurons during pupal maturation. We also took advantage of cuticle autofluorescence to visualize the external components of the mechanosensory organ, including the socket and bristle shaft. This autofluorescence first appears around 50 hrs after puparium formation (APF), when the socket and bristle shaft autofluoresce at emissions wavelengths similar to that of GFP ( Figure 3A and 4A) . At 70-90 hrs APF, this autofluorescence becomes more apparent and its emission expands to a longer wavelength, allowing it to be easily discerned from GFP. In later stages, bristle shaft autofluorescence is diminished.
Thoracic mechanosensory neurons first appear around 20 hrs APF. The inner segment appears by 24 hrs APF and the cilium appears by 26 hrs APF (Hartenstein and Posakony, 1989). We followed the formation of the same individual thoracic mechanosensory neurons using confocal imaging in live preparations ( Figure 3A-B) . In wild type pupae, at about 30-40 hrs APF, we observed mechanosensory neurons with dendrites extended from their cell bodies to their target bristle base. At around 50 hrs, the inner segment and cilium are labeled with GFP-tubulin at the dendritic tip. At around 80 and 90 hrs, GFP-tubulin strongly labels the cilium and is diminished within the inner segment.
In girdin 101 , we found that at 30-50 hrs APF all the sensory neurons had an axon and dendrite with an intense GFP-tubulin at its distal end ( Figure 3B) . Later, at around 60-90 hrs APF, many of these dendrites were degenerated, with many of the neurons only having axons and cell bodies ( Figure 3B) . Similar results were observed when we followed the development of a single neuron from 40 to 80 hrs APF ( Figure 3C) . In wild type, the morphology of the dendrite was maintained throughout the development. However, in girdin 101 , the dendrites began to degenerate at around 60-70 hrs APF and the cell bodies formed clusters. At 80 hrs APF, we observed clusters of neurons with missing dendrites (Figure 3D) . Quantification of the timing of the dendritic degeneration shows that starting at around 60 hrs APF, most of the neurons began to lose their dendrites ( Figure 3E) . At 90 hrs APF, only 3% of the neurons maintained their morphology with intact dendrites (Figure 3E ). This phenotype is rescued by insertion of Girdin-GFP, suggesting that Girdin plays an important role in the formation of the dendrite (Supplemental Figure 1C) .
Girdin-GFP is enriched temporarily at the mechanosensory organ
Girdin is expressed in various tissues throughout development (PUSEENAM et al. 2009; YAMAGUCHI et al. 2010) . To determine Girdin localization in sensory neurons, we followed Girdin-GFP labeling under the control of endogenous Girdin promoter throughout the development of thoracic mechanosensory organs. To enhance the signal and prevent mislocalization due to competition with endogenous Girdin protein, Girdin-GFP localization was determined in the girdin 101 mutant background. Girdin was observed in various cell types, including thoracic epithelial cells, where it labeled the plasma membrane, and sperm cells, where it labeled the cytoplasm (Supplemental Figure 1A) . In the differentiating thoracic mechanosensory organ, we found that Girdin-GFP is expressed intensely from 30 hrs APF until it disappeared at around 90 hrs APF ( Figure 4A) . Throughout this time, the plasma membrane of epithelial cells in the thorax was labeled consistently by low levels of Girdin-GFP. At 30 hrs APF, Girdin-GFP was enriched in foci that were organized in rows reminiscent of the arrangement of the mature sensory organs (Figure 4A) . Later, we found Girdin-GFP to be associated with the bristle sensory organs observed via autofluorescence ( Figure 4A) . Examination of Girdin-GFP signal using 3D analysis identifies three foci at the dendritic tip: one looks like a tube, another like a cap structure, and the third like a loop (Figure 4B-F; Supplemental Figure 1B ).
To get insight to localization of the three Girdin-GFP foci observed within the sensory organ, we examined Girdin localization relative to neurons expressing GFP-tubulin. Since both Girdin and tubulin were tagged with GFP, we were unable to determine if the two proteins colocalized. Still, we used difference in signal morphology to ask if Girdin is located outside the neuron. At 30 hrs APF, GFP-tubulin labels both the neuron and the sheath cell (Figure 4C) . At that time, Girdin-GFP localizes around the neuron at three distinct regions: a tube-like structure located just before the dendrite tip, and a cap-like and loop-like structure that surrounding the dendritic tip ( Figure 4C ). These structures of Girdin-GFP were also observed at 60 hrs APF ( Figure 4D) . Next, to better define this localization, we examined the localization of Girdin-GFP relative to the centriolar marker Ana1-tdTomato, which mark the junction between the inner segment and sensory cilium. We found that Ana1-tdTomato labeled the distal tip of the tube-like structure, suggesting that the tube-like structure of Girdin-GFP localizes at or around the distal tip of the inner segment (Figure 4E-F) . In addition, the cap-like and loop-like structures localize at or around the cilium (Figure 4E-F) .
Girdin-GFP is an essential component of actin structures found at the mechanosensory organ
Since Girdin is an actin-binding protein (ENOMOTO et al. 2005; PUSEENAM et al. 2009 ), we also examined the localization of Girdin-GFP relative to phalloidin labeling of filamentous actin. We found that in the sensory organs, filamentous actin forms three foci that are similar to Girdin-GFP in morphology colocalizing with Girdin-GFP ( Figure 5A ). These observations suggest that Girdin is a component of previously undescribed actin based structures found near at the dendritic tip. Next, we tested the role of Girdin in these actin structures using phalloidin staining relative to neuron expressing GFP-tubulin. As expected in control cells the actin structures were located around the dendritic tip at 30 hour APF ( Figure 5B) . However, those structures were absent or dramatically impaired in girdin 101 ( Figure 5B-C) . Together, these observations suggest that Girdin is essential for organizing actin structures found at the dendritic tip of the mechanosensory neuron during its morphogenesis.
Girdin 101 has defects in other ciliary organs
Next we sought to determine whether Girdin is essential for the development of ciliated sensory neurons in general, or if its function is instead specific to thoracic mechanosensory neurons. To address this question, we studied GFP-tubulin in olfactory organs in the 3 rd segment of the antenna and taste organs in the proboscis in girdin 101 flies. Unlike mechanosensory neurons, where GFP-tubulin labels sensory cilia at the base of the bristle, sensory cilia in olfactory and taste sensory neurons are found inside the bristle shaft (Figure 6A-B) . In both the olfactory and taste organs, GFP-tubulin labeling was abnormal or absent in girdin 101 . In 3 rd segment of antenna, less than 10% of sensory cilia were labeled by GFP-tubulin ( Figure 6A ). In proboscis, only 60% of sensory neurons were labeled normally by GFP-tubulin ( Figure 6B ). We also found that Girdin-GFP localized to olfactory and taste sensory organs (Supplementary Figure 1D) . This suggests that Girdin is essential for ciliated sensory neurons in general. Taken together, our results suggest that Girdin is essential for sensory dendrite morphology and its formation in various sensory organs.
Discussion
In this study, we report the identification and characterization of girdin mutants and their role in dendrite formation. Here, we show a novel function of Girdin during sensory neuron development in Drosophila, suggesting that Girdin is essential for morphogenesis of sensory dendrites. This conclusion stems from several lines of evidence. First, girdin 101 exhibits complete unc-type uncoordination, a phenotype that is only present in flies with mutations in the sensory neuron or its attachment to the bristle. Second, girdin 101 flies have no MRC but a normal TEP, the socket and the bristle appear normal, and the dendrite sheath is present, suggesting that although the support cells of the sensory organ are present, the neuron itself is defective. Third, in girdin 101 , GFP-tubulin labeling exhibits dramatic defects in dendrite and cilium morphogenesis but a normal morphology of the cell body and axon. Finally, Girdin-GFP is present in relatively high intensity in the sensory organ at the general location of the dendritic tip during its morphogenesis.
Our finding suggests a role for Girdin in dendrite formation and neuron cell body positioning. During the early stages of mechanosensory neuron development, the morphology of the cell body, dendrite, and cilium all appear normal. Only later in development, the ciliated dendrite begins shortening. This degeneration continues until the dendrites are fully absent and the cell bodies become clustered. Since the cell bodies in girdin 101 tend to form a cluster after their dendrites degenerate, it is possible that the dendrite is essential for positioning of the sensory neuron cell body. Alternatively, since Girdin is important in cell migration in many cell types (ENOMOTO et al. 2006; GHOSH et al. 2008) , it is possible that the mislocalization of the cell body is due to a function of Girdin in cell migration. One possible explanation for the clustering of the cell bodies is that cell bodies migrate along their axons until they bundle. In C. elegans, dendrites of ciliated sensory cells are extended in a retrograde fashion where the cell body migrates away from the dendritic tip which remains anchored in place (HEIMAN AND SHAHAM 2009). A similar mechanism that regulates cell body positioning during mechanosensory neuronal development may also occur in Drosophila.
Girdin shares some similarities with NompA: both are essential for fly viability, coordinated behavior, and MRC, while both are not essential for bristle or socket formation and TEP. Both have a similar dendrite formation defect in which the tip of the sensory dendrite terminates at a significant distance from the bristle base and socket. Finally, both NompA and Girdin localize inside the sensory organ at the vicinity of the dendritic tip (CHUNG et al. 2001) . Taking together, these phenotypes and localization suggest that Girdin is associated with the function of NompA in order to attach the dendritic tip to the base of the bristle for the mechanical transduction of mechanosensory signals. However, since Girdin is only expressed transiently in the sensory organ, it is likely to have only a developmental role in forming the mechanosensory organ rather than a direct role in mechanosensation as is proposed for NompA. Also, since girdin 101 sensory neurons showed a more severe defect in dendrite morphology than nompA, Girdin might have additional functions beyond temporarily connecting the dendrite to the bristle shaft. One such additional function of Girdin may be to stabilize the dendrite as it differentiates.
Girdin is an intracellular, actin-binding protein that associates with the plasma membrane or cytoplasm of epithelial cells (ENOMOTO et al. 2005; PUSEENAM et al. 2009 ). In the sensory organ cells, Girdin-GFP is present in three actin structures surrounding the tip of the inner segment and the sensory cilium. Phalloidin staining relative to neurons expressing GFP-tubulin suggests that the cap-like and loop-like structures of actin are found outside the sensory neuron and in the support cells. Since actin colocalizes with Girdin-GFP, this suggests that Girdin-GFP is a component of the support cells at these two locations. On the other hand, the tube-like structure of actin and Girdin-GFP appears to localize near the inner segment and may be part of the neuron or sheath cell.
The Girdin-GFP labeled tube-like structure is found at the tip of the inner segment, a specialized location that has cell-cell contacts with the sheath cell (FOELIX et al. 1989) . The Girdin-GFP labeled cap-like structure is found at the tip of the cilium where the dendritic sheath is forming during neuron differentiation (KEIL 2012) . The Girdin-GFP labeled loop-like structure is found away from the neuronal tip as determined by neurons expressing GFP-tubulin, and the loop-like structure diameter is too large to fit within the dimensions of either the sensory neuron or the sheath cell. Therefore, it is likely that the loop-like structure is inside either the shaft or the socket support cells, which are bigger and are found at that location. Which of these three Girdin-GFP / actin structures is essential for normal dendrite formation is currently not known. Based on our findings and known functions of Girdin, we propose a model for Girdin function in sensory organs during sensory neuron development (Figure 7A-B) . We show that Girdin functions near the tip of the dendrite at three locations. In these locations, Girdin regulates the formation of actin structures that may temporarily stabilize the dendritic tip, and is essential for its connection to the dendritic sheath ( Figure 7A) . In girdin mutants, dendrite degeneration is likely due to a failure in complete development of the dendrite after its initiation. Once the tip of the dendrite is destabilized and disappears, the neuron cell body recedes toward the axon until it meets other sensory cell bodies and forms clusters where the individual axon meets to form a bundle ( Figure 7B) . This model can serve to direct further studies of Girdin.
Because of the similarities between fly sensory neurons and human photoreceptor cells, Girdin may have a similar function in the formation of rod and cone dendrites. Rod and cone photoreceptors are capable of surviving throughout a life span, yet they are sensitive to various insults that result in their degeneration, leading to gradual loss of visual acuity and blindness. Since RPE cells surround the tip of the photoreceptors and are essential for forming and maintaining the morphology of the photoreceptors (HAMEL et al. 1993; BONILHA 2014) , studying the role of Girdin in RPE cell lines may provide more insights on understanding how RPE cells regulate the morphology of photoreceptor cells. By better understanding the mechanisms of how ciliated sensory neuron functions and forms its structure in Drosophila, our hope is to assist in confronting retinal diseases and provide insight to treat them.
